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P rimary aldosteronism (PA) is the most common form of secondary hypertension (1, 2) . Early diagnosis and appropriate treatment of PA are essential for preventing cardiovascular and renal complications (3) (4) (5) (6) . PA is subtyped into unilateral forms, most commonly aldosterone producing adenomas, and bilateral hyperaldosteronism. This distinction is clinically important because cases of unilateral PA can be effectively treated with adrenalectomy (7, 8) . Diagnosis of PA relies on measurement of plasma (or serum) aldosterone concentration (PAC) and plasma renin activity (PRA) or direct renin concentration under basal and salt loading conditions (9, 10) . Adrenal vein sampling (AVS) is considered the definitive procedure for PA subtyping (9, 11, 12) . Many antihypertensive medications can interfere with the renin-angiotensin-aldosterone system (RAAS) and consequently with the interpretation of diagnostic procedures, including screening, confirmatory tests, and AVS (9, 12, 13) .
Current expert guidelines recommend avoiding medications that influence the RAAS during both diagnosis and subtyping of PA, to prevent inaccurate clinical interpretation (9, 11) . In particular, mineralocorticoid receptor antagonists (MRA) can increase renin and subsequently activate aldosterone secretion from the normal zona glomerulosa cells. Through this mechanism, MRA can lead to false-negative screening (14) , and when used during AVS, MRA might mask lateralization, due to stimulation of aldosterone secretion from nonautonomous areas. Although guidelines recommend discontinuing MRA several weeks prior to diagnostic procedures, hypertension and/or hypokalemia might be difficult to control without MRA in some PA patients. Although the concern for using MRA during PA diagnosis and subtyping is theoretically well founded, clinical data on this subject have been minimal. In particular, evidence regarding AVS results in patients using MRA has been limited to a small case series (15) . Herein we present a large experience of MRA use during PA subtyping with AVS from our institution.
Patients and Methods

Study participants
We conducted a retrospective cohort study of all patients with confirmed PA who underwent AVS at the University of Michigan between January 2009 and January 2018. All patients who underwent surgery based on AVS lateralization were also included. This study was approved by the University of Michigan Institutional Review Boards. A waiver of consent was granted for this retrospective study.
Clinical assessment
Patient demographics, blood pressure, PAC, PRA, CT imaging, AVS data, pathology reports, and postoperative follow-up data were retrospectively reviewed. The individual antihypertensive regimens were converted to a standardized daily defined dose (DDD) according to the World Health Organization Anatomical Therapeutic Chemical/DDD Index (16) . PAC, PRA, and cortisol were measured in ambulatory setting, in seated position, by immunoassays, as previously reported (17) . Diagnosis of PA was confirmed in accordance with the Endocrine Society Clinical Practice Guidelines (9) . Postoperative evaluation was based on the Primary Aldosteronism Surgical Outcomes (PASO) criteria (18) .
AVS
AVS was performed by experienced interventional radiologists. Samples were obtained simultaneously from the inferior vena cava (IVC) and both adrenal veins (AVs) before and 10 to 30 minutes after cosyntropin administration (0.125 mg bolus followed by continuous infusion at 0.075 mg/h or 0.125 mg/h prior to and after November 2014, respectively). AV catheterization was considered successful when the selectivity index, defined by the AV/IVC cortisol concentrations, was $2 before and $5 after cosyntropin administration, respectively. Lateralization of PA was assessed by the lateralization index (LI), defined as the aldosterone/cortisol ratio between the two AVs, and contralateral suppression index (CI), defined as (aldosterone/cortisol) nondominant AV / (aldosterone/cortisol) IVC . Unilateral PA was diagnosed if the LI was $ 4 before and/or after cosyntropin administration. Contralateral suppression was defined by a CI , 1.
Statistical analysis
Statistical differences in measured parameters between groups were evaluated using the Mann-Whitney U test. Differences in proportions were analyzed by the Fisher exact test. A P value , 0.05 was considered statistically significant. Analyses were performed using GraphPad Prism 7 (La Jolla, CA) and SAS 9.4 (Cary, NC).
Results
Between January 2009 and January 2018, 234 patients diagnosed with PA underwent AVS at the University of Michigan. Of these, 43 patients referred directly from outside for AVS who did not have sufficiently detailed clinical records available for our review were excluded. Of the remaining 191 patients, 51 (27%) were taking MRA at the time of AVS (Fig. 1 ). Of the latter group, eight patients were referred to AVS from outside providers, whereas the remaining 43 patients had difficult to control hypertension and/or hypokalemia (including two patients with unsuppressed renin). Sex, age, body mass index, blood pressure, PRA, and frequency of hypokalemia were similar between patients exposed to and those not exposed to MRA during AVS (Table 1 ). In contrast, the DDD index and PAC were significantly higher in patients taking MRA at the time of AVS (DDD index 6.7 vs 4.0, and PAC 38 ng/dL vs 26 ng/dL, P , 0.001 for both). Unilateral PA was determined by AVS in 35 (69%) patients taking MRA and in 77 (55%) patients not taking MRA at the time of the procedure based on postcosyntropin results (P = 0.03); and in 31 (61%) patients taking MRA vs 64 (46%) patients not taking MRA, based on unstimulated AVS data (P = 0.001). Patients exposed to MRA during AVS had similar LI and CI with those not taking MRA, regardless of lateralization (Table 2) .
Of the 51 patients taking MRA at the time of AVS, 35 patients had been exposed to MRA throughout PA testing, including screening (Table 3) . AVS demonstrated unilateral PA in 26 (74%) of these patients: 24 patients with suppressed PRA and two patients in whom PRA was not suppressed. Both patients with unsuppressed PRA had substantial elevation of PAC, hypokalemia, and dramatic lateralization with contralateral suppression based on AVS (Tables 3 and 4) .
To date, 86 patients underwent unilateral adrenalectomy, including 30 patients who were exposed to MRA during AVS (Fig. 1) . Postoperative hormonal data were available in 64/86 (74.4%) patients (Table 5 ). According to the PASO criteria (18) , complete biochemical success was achieved in 22/23 (95.7%) patients exposed to MRA during AVS. One patient with AVS results consistent with bilateral PA underwent surgery to lessen disease severity (19) and had partial biochemical success. Complete or partial clinical success was achieved in five (16.7%) and 23 (76.7%) patients, respectively. Of the two patients with absent clinical success after adrenalectomy as proposed by the PASO criteria, one patient had complete biochemical success, whereas the other did not have hormonal data available. Taken together, complete or partial clinical (P = 0.17) and biochemical (P = 0.65) success was achieved in similar proportions of patients exposed to and not exposed to MRA at the time of AVS (Table 5 ). Both patients with unsuppressed PRA at the time of AVS while exposed to MRA experienced clinical and biochemical improvement of PA, with PAC , 10 ng/dL, normalized serum potassium, and a decline of the DDD index (Table 4) .
Discussion
Our study provides data on AVS results in a relatively large number of PA patients exposed to MRA at the time of the procedure. Furthermore, a considerable proportion of these patients were treated with MRA throughout PA testing, including at the initiation of screening. These results suggest that in cases of severe PA, in which hypokalemia and/or hypertension cannot be safely controlled without MRA, these agents might not necessarily alter the interpretation of testing, particularly if renin remains suppressed, which indicates incomplete mineralocorticoid receptor blockade. Remarkably, we have found that the proportion of cases with clear AVS lateralization was 69% in patients taking MRA as compared with 55% in patients not taking MRA at the time of AVS (P = 0.04). These findings might be attributed to the higher rate of severe PA, typical of aldosterone-producing adenomas, among patients treated with MRA. Overall, the proportion of unilateral PA in our cohort is similar to other reports (20, 21) and even higher in the group exposed to MRA. Previous studies have consistently shown that AVS lateralization is more likely in patients with severe PA (17, 21, 22) ; indeed, within our cohort, PAC and DDD were significantly higher in patients taking MRA than in their counterparts.
Several antihypertensive medications can affect the RAAS and confound results of PA testing and subtyping. In particular, MRA can lead to renin elevation and stimulation of aldosterone from normal zona glomerulosa cells. This effect can be prolonged, prompting the Endocrine Society and other experts' consensus clinical practice guidelines to recommend stopping MRA for up to 6 weeks in patients undergoing testing for PA (9, 11) . Although preferable, discontinuing all RAAS-interfering medications is often infeasible, especially in patients with resistant hypertension and/or hypokalemia. Furthermore, hypokalemia might impair aldosterone production, which attenuates lateralization in patients with unilateral PA. As an alternative, it has been proposed that MRA can be continued if renin is suppressed, which would indicate that the mineralocorticoid receptor blockade is incomplete (11, 15, 23) . In PA patients, renin frequently remains low despite MRA doses sufficient to control blood pressure and potassium (24) (25) (26) . A previous study showed AVS lateralization in four patients with severe PA taking MRA at the time of the procedure, 
Data are expressed as medians (interquartile range). AVS was unsuccessful in one patient. PRA was suppressed in all patients with bilateral PA.
Abbreviations: CI, contralateral index after cosyntropin; DDD index, a standardized daily defined dose of antihypertensive medications; H/o, history of; LI, lateralized index after cosyntropin. a Classification based on postcosyntropin AVS data.
all having a suppressed renin; and all four patients experienced favorable surgical outcomes after adrenalectomy (15) . In our institution, 51 patients were exposed to MRA during AVS over the duration of this study. Although MRA can stimulate aldosterone secretion from nonautonomous zona glomerulosa areas and possibly mask AVS lateralization, LI and CI were comparable between patients taking and those not taking MRA. Notably, our report includes two patients with unsuppressed renin while taking 200 mg/d of spironolactone. Other medications with tendency to raise renin were also used in both patients, including potassium-wasting diuretics and angiotensin-converting-enzyme inhibitors/angiotensin II receptor blockers, thus, making it impossible to assess the sole effect of MRA on RAAS. Despite this, AVS demonstrated dramatic LI in both of these patients, and both experienced biochemical and clinical improvement of PA after adrenalectomy. Overall, the postoperative clinical and biochemical outcomes were not only comparable to those previously reported (18) , but also similar between patients exposed and those not exposed to MRA during AVS.
The limitations to our study include referral and treatment bias. An important caveat of our cohort is that the proportion of historic hypokalemia was overall very high, suggesting a referral bias and underscoring that many PA cases might never be referred to AVS. As such, our results might only apply to patients with severe PA and cannot be extrapolated to milder cases. In addition, treatment with MRA was not randomized, and AVS was not performed with and without MRA in the same patients. Although the proportion of unilateral PA was considerably higher in patients exposed to MRA during AVS than in their counterparts, our study cannot exclude potential masking of lateralization in the 13 patients (25%) with bilateral AVS results while exposed to MRA. Our data are insufficient to support unrestricted use of MRA or other RAAS-interfering medications during PA testing and subtyping. Furthermore, our study was not designed to objectively measure the MRA impact on RAAS in patients with and without PA. Carefully designed prospective studies are needed to further elucidate these aspects.
In summary, our findings suggest that the majority of patients with severe PA treated with MRA still demonstrate conclusive lateralization by AVS, particularly if renin remains suppressed. Clinical judgment is implicit to determine if MRA should be permitted during PA testing on case-by-case basis, to ensure patient safety and accurate subtyping. 
